Abstract. Dust-and gas mass loss rates and distances are determined for a sample of about 330 infra-red carbon stars that probe a distance up to about 5.5 kpc. The dependence of the dust-and gas mass loss rates, and the expansion velocity upon galactic longitude (l) are studied. It is found that the expansion velocity significantly depends on l, but that the absolute bolometric magnitude, the dust mass loss rate and the gas-to-dust ratio depend on l marginally, if at all, and the gas mass loss rate does not depend on l. Beyond the solar circle, the expansion velocity (as well as the luminosity, dust-to-gas ratio, dust mass loss rate) is lower than inside the solar circle, as expected from the overall gradient in metallicity content of the Galaxy. Combining the average expansion velocity inside and beyond the solar circle with the theoretically predicted relation between expansion velocity and gas-to-dust ratio, we find that the metallicity gradient in the solar neighbourhood is about −0.034 dex/kpc, well within the quoted range of values in the literature.
Introduction
In the accompanying paper , hereafter G2002) a sample of 380 infra-red carbon stars is selected based on IRAS 12 and 25 µm fluxes. The main aim of the project is to analyse the radial velocities for these stars in order to study their dynamical properties and compare the outcome to previous results on optical carbon stars and on OH/IR stars (Sevenster et al. 1995 (Sevenster et al. , 2000 . The most efficient way to obtain the radial velocities for infra-red carbon stars is by the millimetre emission of molecules in their extended circumstellar shells.
About 120 stars in the sample selected in G2002 have published radial velocities, and the focus in G2002 has been on the millimetre observations of the remaining about 250 objects, resulting in about 200 detections.
Besides the radial velocity, the millimetre observations yield the expansion velocity of the circumstellar shell and the peak intensity and integrated line intensity of the lines observed. These are more traditional observational quantities that are used to determine mass loss rates (e.g. Schöier & Olofsson 2001; Groenewegen & de Jong 1998; Kerschbaum & Olofsson 1998) .
Send offprint requests to: M. Groenewegen, e-mail: groen@ster.kuleuven.ac.be In the present paper, the new data on 200 infra-red carbon stars are combined with data of 120 objects in the literature in order to derive the dust-and gas mass loss rates and investigate the spatial dependence of mass loss and expansion velocity.
The sample is introduced in Sect. 2, and the analysis is carried out in Sect. 3. The analyses in terms of distribution functions and the comparison to the dynamical properties of other populations of evolved stars will be reported elsewhere (Sevenster et al. 2002, in preparation) .
The sample
The selection of the sample of infra-red carbon stars is explained in G2002. In brief, objects fulfill the following criteria: IRAS PSC Flux quality 3 at 12 and 25 µm, and ≥2 at 60 µm, flux ratios S 12 /S 25 < 3, S 25 /S 60 > 2.75, and finally S 12 > 20 Jy or IRAS LRS classification equal to 4n. Stars associated with non-carbon star spectral types were excluded, and the LRS spectra were visually inspected to look for the silicate feature in order to exclude these stars as well. In addition, the  database was checked for references to SiO or OH thermal or maser line observations. About ten extremely red carbon stars were added that fulfilled the flux criteria mentioned above.
The total sample contains 380 stars. Of those 124 stars had a reliable radial velocity reported (from the Loup et al. 1993 catalog, Kastner et al. 1993 Recent papers that were also consulted are Neri et al. 1998; Knapp et al. 1998; Josselin et al. 1998 for improved observations for a few of these stars). The others were put on the observing list and G2002 report on the millimetre observations of the remaining about 260 stars, of which about 200 were detected. Table 1 lists the stars used in the analysis (first the data on the 207 new observations in order of RA, followed by the data on the 124 stars from the literature in order of RA). Listed are the IRAS name and Galactic longitude and latitude; the expansion velocity and radial velocity w.r.t. the LSR are taken from G2002 and the literature cited above, taking a mean value when multiple observations exist. The remaining columns give the apparent and absolute bolometric magnitude, the distance, gas-and dust mass loss rate and the gas-to-dust ratio. These quantities have been derived, as explained in the next section. Additional input for the calculations discussed below are the IRAS 60 µm flux and the CO line peak intensity. The latter are not explicitly repeated here and are taken from G2002 and the literature cited above. The CO (2-1) line is preferred over the CO (1-0) line when both have been measured.
Analysis

Bolometric magnitudes
There are several possible ways to calculate the apparent bolometric magnitude but only the IRAS 12 and 25 µm fluxes are available for all stars. Therefore, the apparent bolometric magnitudes are calculated from m bol = m 12 + BC 12 (1) with the bolometric correction at 12 µm for carbon stars taken from Loup et al. (2002) . Out of the 331 objects, 68 have a known pulsation period (from the GCVS [Kholopov et al. 1985] ; Jones et al. 1990; Le Bertre 1992; Joyce et al. (private communication 1997) , Whitelock et al. 2000; Nakashima et al. 2000; Olivier et al. 2001) , with periods in the range 233 to 1060 days, and for these the absolute bolometric magnitude is calculated from the (M bol − P)-relation in Groenewegen & Whitelock (1996) . Their relation was derived in the period range 150-520 days but is assumed to hold for longer periods as well. For these infra-red objects one would also expect a relation between luminosity and the ratio (S 25 /S 12 ), as stars with higher luminosities tend to have higher mass loss rates, which implies redder colours. Figure 1 plots the M bol obtained from the (M bol − P)-relation versus log(S 25 /S 12 ). There is indeed an obvious correlation. A linear fit to the 64 stars with P > 390 days gives:
with a dispersion of 0.17 mag. This dispersion is smaller than the dispersion of 0.26 in the (M bol −P)-relation in Groenewegen & Whitelock (1996) , indicating the usefulness of this relation in the regime of long-period variables. 
Distances
Distances are calculated from the apparent bolometric magnitude and the absolute bolometric magnitude, which is based on the (M bol − P)-relation in Groenewegen & Whitelock (1996) for the stars with a pulsation period longer than 390 days, and based on Eq. (2) for all other objects, neglecting reddening. Values for the distance, absolute and apparent magnitude are listed in Table 1 . Realistic 1σ errors are probably ±0.2 in the magnitudes and 15% in distance. Figure 2 shows the projection of the stars onto the galactic plane (with circles of radius 1 and 2 kpc around the Sun indicated) and the plane X = 0. A distinction is made between northern and southern sources in this plot to see if the mixing of observations of different telescopes (mainly SEST and IRAM) might have introduced any detection bias, but from the uniform distribution onto the Galactic plane this appears not to be the case, and in the analysis below the sample is therefore treated uniformly.
The average of the absolute value of the distance to the Galactic plane is 295 pc. Since the limiting distance is much larger than this, the typical scale height is also close to 295 pc. This is in good agreement with values between 200 and 300 pc quoted in the literature (Claussen et al. 1987; Jura & Kleinmann 1989; Groenewegen et al. 1992) . Figure 3 (left-hand panel) shows the distribution of M bol as a function of galactic longitude. The mean absolute bolometric magnitude is −5.16 with a dispersion of 0.16 magnitudes considering all 310 objects. A quadratic fit is made to M bol as a function of Galactic longitude, with outliers at the 2.5σ level removed, but the linear and quadratic term are found to be not significant. Considering clipping at the 2.5σ level and a constant M bol , the best estimate remains −5.16 ± 0.16 mag using 307 stars.
Mass loss rates
The gas mass loss rate will be derived from the CO line. From Olofsson (1993) ,
is used, whereṀ g is in solar masses per year, T mb is the main-beam peak temperature in Kelvin, v e is the gas expansion velocity in km s −1 , D is the distance in parsec, B is the FWHM size of the telescope beam in arcsec, f CO is the CO abundance relative to H 2 , and s(J) is a correction factor, equal to unity for the J = 1−0 transition and 0.6 for the J = 2−1 transition.
The dust mass loss rate will be derived from the IRAS 60 µm flux. From Jura (1988; also see Groenewegen et al. 1998b Groenewegen et al. , 1999 ,
is used, whereṀ d is in solar masses per year, C is a constant, v d,15 is the dust expansion velocity in units of 15 km s −1 , D is the distance in kpc, L 4 is the luminosity in units of 10 000 L , λ 10 is the wavelength in units of 10 µm where the peak of the energy distribution occurs, κ 150 is the opacity at 60 µm in units of 150 cm 2 g −1 , and F(λ) is the circumstellar emission at 60 µm in Jansky.
Given the red colours of the objects under consideration, the stellar contribution to the observed 60 µm flux can be neglected (Groenewegen et al. 1998b ) and the observed flux can be entirely contributed to dust emission. From detailed modelling in Groenewegen et al. (1999) , a constant C = 5.35×10 −10 for carbon stars is used.
The dust expansion velocity is calculated from v d = v g +v dr , with the drift velocity calculated from (e.g. Groenewegen et al. 1998b ):
where Q F is the flux-averaged absorption coefficient. The formalism to calculate the mass loss rates is used here with f CO = 8 × 10 −4 (e.g. Olofsson 1993 ), κ 150 = 1, λ 10 = 0.3 (typical for the infrared stars studied in Groenewegen et al. 1998b ) and Q F = 0.025 (the average of values in Groenewegen et al. 1998b) . Typical values for the drift velocity are 2-3 km s −1 . Figure 4 shows the distribution of gas-and dust mass loss rate, and gast-to-dust ratio as a function of galactic longitude. Quadratic fits as a function of Galactic longitude are made, but the linear and quadratic terms are found to be not significant. The average gas mass loss rate is 1.1 × 10 −5 M yr −1 , the average dust mass loss rate is 2.7 × 10 −8 M yr −1 and the average gas-to-dust ratio is 400, all based on 304 objects.
The spread in the gas-to-dust ratio is almost a factor of 15, and this may seem surprisingly high. As the gas-to-dust ratio is derived from dividing the gas and dust mass loss rate, any scatter due to the approximative nature of both formula themselves, as well as intrinsic scatter in the quantities assumed constant in these formula (the CO abundance, the dust opacity, the peak wavelength of the SED), will contribute to the scatter in the gas-to-dust ratio. A factor of 2 scatter in each of these quantities will already lead to a scatter of 5 in the derived gas-todust ratio, indicating that the "cosmic" scatter in the gas-to-dust ratio (due to differences in the amount of condensable material available, and the efficiency of dust condensation) is about a factor of three. Radiation-hydrodynamical models from the Berlin and Vienna groups for the atmospheres and circumstellar shells of carbon-rich long-period variables which include dust formation calculate, time-and spatial averaged, gas-todust ratios. Fourty-four selected models from Fleischer et al. (1992) , Arndt et al. (1997) and Höfner & Dorfi (1997) , as outlined in Groenewegen et al. (1998b) , have an average gas-todust ratio of 300 with 90% of values being in the range 200 to 700. The conclusion is that most of the scatter observed in the gas-to-dust ratio in the bottom panel of Fig. 4 is due to scatter in the gas-and dust mass loss rates, and that the remaining scatter of about a factor of three is in good agreement with the scatter predicted by radiation-hydrodynamical models due to variations in the stellar parameters (mass, effective temperature, luminosity, C/O ratio, pulsation period). The observed mean gas-to-dust ratio is in good agreement with theory.
The expansion velocity
The mean velocity over all stars is 18.7 km s −1 , with a dispersion of 6.1 km s −1 . A quadratic fit is made to the velocity as a function of Galactic longitude. The rms is determined and the 
with a rms of 5.2 km s −1 , based on 299 stars. The data and the fit are shown in the right-hand panel of Fig. 3. 
Replenishment of the ISM
The number of objects in a cylinder centred on the Sun perpendicular to the Galactic plane, with a radius of 0.75, 1, 1.5, 2 and 3 kpc, respectively, is determined and their gas and dust mass loss rates summed. The results are listed in Table 2 . For a limiting distance (much) greater than the scale height the number of objects is expected to vary with the square of the limiting 
Discussion
An analysis of the distribution, expansion velocity and gas & dust mass loss rate of a sample of about 300 infra-red carbon stars is presented.
Based on Fig. 2 we show that the surface density of (infra-red) carbon stars is essentially constant in the solar neighbourhood, in agreement with earlier studies (Jura 1991; Groenewegen et al. 1992; Guglielmo et al. 1998) , and in disagreement with the recent suggestion of Le Bertre et al. (2001;  hereafter LeBe2001) that there is a "clear preference" for carbon stars to be located outside the solar circle. The surface density is found to be 6.6 ± 1.0 kpc −2 . Recently, LeBe2001 analysed a sample of mass losing AGB stars detected with the Japanese IRTS telescope, and it is instructive to compare distances and mass loss rates derived in a completely independent way, for the stars in common to the two samples. They derived distances calculating the luminosities in a way similar to Eq. (1), but using the bolometric correction at 2.20 µm, based on a colour index [2.20−3.77] instead. They assumed an absolute magnitude of −5.01. The mass loss rates are derived from a relation between mass loss and [2.20−3.77] colour, which is based on a previously derived relation between mass loss and [K − L ] colour. Table 3 gives the ratio of the mass loss rates, as well as the distance LeBe2001 would have obtained using the absolute bolometric magnitude derived in this work. With two exceptions, the distances in the present work are significantly larger, by a factor 1.1-3.5, with a median value over all determinations of 1.6. The same trend applies for the mass loss rates which are larger by a factor of about 5 (median value). This is largely due to the fact that the larger distance scale in the present work implies also larger mass loss rates through the square-dependence of mass loss on distance (see Eq. (3)). This suggests a remaining intrinsic systematic uncertainty in the mass loss rate determinations between the present work and LeBe2001 of about a factor of 2. This is within the usually adopted range of uncertainty in mass loss determinations and can be due to the adopted CO abundance relative to H 2 in our method, or assumptions behind the method in LeBe2001 which is based on modelling the dust emission, and which has its own uncertainties.
The difference in distance scale must be due to the determination of m bol , hence the bolometric correction, which is based on IRAS colours in the present work and basically [K − L ] in the case of LeBe2001. As a test, m bol is derived for the best studied (infra red) carbon star, IRC +10 216. We find m bol = 0.00, which leads to a distance of 111 pc for the adopted M bol = −5.23. This distance is in good agreement with the generally accepted distance to this object (Tuthill et al. 2000 [145 pc], Groenewegen et al. 1998a [110-135 pc] , Winters et al. 1994 [170 pc] ). Based on the mean K and L photometry in Le Bertre (1992) , m bol = 0.28 is derived using the method in LeBe2001. This implies that for IRC +10 216 the method used in LeBe2001 leads to a longer distance than the method used in the present work, contrary to the general trend observed in Table 3 . Regarding the mass loss rate of IRC +10 216, applying the formalism in LeBe2001 leads to a mass loss of 1.6 × 10 −5 M yr −1 , in good agreement with the value of 1.5 × 10 −5 M yr −1 in the present work. In conclusion, it remains unclear why there are these systematic effects in the two methods of bolometric correction determination. In any case, as the distance dependence of the mass loss rates is explicitly given, our results can be easily scaled to any preferred distance scale.
The most striking result coming out of the present analysis is the dependence of the expansion velocity on galactic longitude. Theoretically, one expects a dependence of the expansion velocity on the gas-to-dust ratio (Ψ), luminosity and mass loss rate (Habing et al. 1994 , or, more rigorously derived in Elitzur & Ivezić 2001 , who find: v 3 e = AṀ 1 + BṀ 4/3 /L , with the dependence on the gas-to-dust ratio contained in the parameters A and B). Neglecting the term between brackets to first order, and sinceṀ does not depend on galactic longitude (Fig. 4 , top panel), one would expect A to show the same kind of dependence on galactic longitude as v e . As A ∼ Ψ −2 (Elitzur & Ivezić 2001) , one expects the gas-to-dust ratio also to depend on galactic longitude. This is indeed hinted at in Fig. 4 (bottom panel), although formally, as mentioned before, the linear and quadratic terms in the fit are not significant. However, the expansion velocity is a directly measured quantity, while Ψ is a derived quantity, so that any intrinsic effect that is present or expected is smeared out. In conclusion it seems probable that the variation of the expansion velocity with galactic longitude is indeed due to a higher gas-to-dust ratio outside the solar circle than inside.
This appears the first direct confirmation to this effect for carbon stars. Blommaert et al. (1993) found a similar trend by comparing OH/IR stars of similar luminosity in the Galactic centre and outer Galaxy. van Loon et al. (2001) discuss the results of expansion velocity determinations of OH maser sources in the LMC and compare them to determinations of Galactic centre OH maser sources. Their data suggests that the expansion velocity in the LMC sources might be about 20% lower than for Galactic centre sources of similar OH peak flux, but the data are also consistent with no difference in expansion velocity. Andrievsky et al. (2002) derive a metallicity gradient of −0.03 dex/kpc in the solar neighbourhood based on classical Cepheids and give references to a large body of previous work (mostly values between 0.0 and −0.1 dex/kpc). If average values of v e = 21.1 km s −1 (at a distance of the Galactic centre of 6.5 kpc), and 17.1 km s −1 (at 10.5 kpc) are taken, one derives a dependence v e ∼ Z α with α = 0.76, respectively 0.23, for a metallicity gradient of −0.03, respectively −0.10 dex/kpc. If one assumes Ψ ∼ Z −1 then the theoretically expected value of α = (2/3) suggests a metallicity gradient of slightly less than −0.03 dex/kpc.
